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Executive  Summary 


IBIS  Associates  has  improved  its  predictive  spreadsheet  model  of  combustion  flame 
chemical  vapor  deposition  (CVD)  diamond  film  fabrication.  This  report  explains  the 
improvements  on  the  combustion  flame  deposition  theory,  and  shows  preliminary  results  of 
the  economics  of  this  CVD  diamond  process. 

The  changes  to  the  model  include  the  incorporation  of  thermal  conductivity  as  an  input  to 
the  model,  allowing  the  user  to  specify  the  thermal  properties  of  the  diamond  being  formed. 
Also,  the  deposition  theory  in  the  model  has  been  streamlined  with  the  assistance  of 
diamond  deposition  experts.  Numerous  inputs  have  been  eliminated  in  this  process,  making 
the  model  easier  to  use. 

For  this  report  and  the  results  contained  herein,  it  is  assumed  that  the  transport  theory 
model  which  predicts  growth  rates  in  the  CVD  diamond  technical  cost  model  closely 
predicts  actual  growth  rates  for  the  combustion  flame  technology  and  that  the  input  values 
for  variables  such  as  the  gas  flow  rate  and  substrate  diameter  are  physically  achievable. 

To  be  investigated  are  alternative  combustion  flame  deposition  geometries  and  chemistries. 
Expert  review  has  revealed  that  the  deposition  geometry  assumptions  (i.e.  nozzlersubstrate 
diameter  ratio)  in  the  IBIS  model  may  not  be  optimal  for  combustion  flame  deposition. 
Suggested  changes  in  deposition  geometries  involve  the  size,  shape,  and  distance  to 
substrate  of  the  combustion  nozzle,  as  well  as  higher  flow  rates  at  smaller  nozzle  sizes. 
Suggested  changes  in  deposition  chemistry  include  using  ethylene  as  the  carbon  fuel  instead 
of  acetylene.  Lastly,  expert  approval  of  the  models  is  continually  in  progress. 
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Combustion  Flame  TCM  Expert  Review 


The  combustion  flame  CVD  diamond  Technical  Cost  Model  (in  the  Appendix)  has  been 
reviewed  by  deposition  experts  representing  Sandia  National  Laboratories  in  both 
Albuquerque,  NM  and  Livermore,  CA;  Stanford  University;  Caltech;  and  Lockheed. 
Copies  of  the  model  were  transfered  to  these  theorists  along  with  a  non-transferable  site 
license,  and  all  were  tutored  on  the  Technical  Cost  Modeling  methodology.  A  thorough 
expert  review  of  the  combustion  flame  model  was  imdeitaken  during  this  tutorial.  In 
response  to  the  model  criticism  that  surfaced,  a  plan  for  the  revision  of  the  cost  model  was 
drafted. 

The  expert  review  of  the  combustion  flame  CVD  diamond  cost  model  produced  no 
significant  criticisms.  There  was  a  concensus  among  the  theorists  that  two  of  the  three 
quality  measures,  as  reported  in  the  first  quarter  report  for  1994,  are  unnecessary.  The 
model  has  been  streamlined  to  use  only  one  of  the  quality  measures  (H/CH3),  which  is 
believed  to  correlate  the  closest  to  thermal  conductivity. 

A  defect-based  model  of  CVD  diamond  material  properties  has  been  developed  by  Michael 
Coltiin  at  Sandia  National  Laboratories  and  David  Dandy  at  Colorado  State  University. 
Inputs  to  this  model  include  the  hydrogen  (H)  and  methyl  radical  (CHS)  mole  fractions  at 
the  growth  surface,  as  well  as  numerous  rate  constants  for  the  reactions  considered  at  the 
growth  surface.  Outputs  of  this  model  include  the  growth  rate  and  defect  density,  which  are 
used  to  determine  thermal  conductivity.  IBIS  generated  data  from  this  model  and 
performed  regression  analysis  in  order  to  find  the  H/CH3  ratio  as  a  function  of  thermal 
conductivity.  As  shown  later  in  this  report,  the  relationship  assumed  to  exist  between 
H/CH3  and  the  thermal  conductivity  of  the  CVD  diamond  allows  thermal  conductivity  to 
exist  as  an  input  to  the  cost  model. 

The  model’s  shortcomings  were  identified  by  the  experts  as  its  inability  to  predict  the 
effects  of  changing  in  reactor  pressure,  fuel  chemistry,  or  nozzle  count.  The  concensus  was 
reached  that  a  new  version  of  the  model  should  be  developed  with  the  ability  to  predict 
changes  in  these  three  conditions.  Due  to  the  large  amount  of  data  required  to  derive 
predictive  relationships  for  all  these  processing  parameters  and  the  nonexistance  of  this  data 
in  the  public  domain,  a  plan  for  data  collection  from  numerical  models  was  established.  As 
agreed,  all  orgaitizations  involved  in  the  expert  review  with  the  exception  of  Lockheed  will 
cooperate  in  the  data  generation. 
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Sensitivity  Analysis 


Technical  Cost  Modeling  permits  the  flexibiliQr  of  performing  sensitivity  analyses.  Using 
sensitivity  analyses,  it  is  possible  to  explore  the  cost  implications  of  changing  key  input 
variables  such  as  gas  composition,  production  volume,  material  prices,  product  dimensions, 
etc.  As  an  R&D  management  tool,  these  analyses  help  set  development  goals  for  cost 
effective  manufacturing.  Further,  they  help  in  long  term  planning,  by  indicating  the  cost 
savings  that  may  be  realized  through  scale-up.  For  the  purpose  of  these  sensitivity  analyses 
it  is  assumed  that  the  transport  theory  model  which  is  used  to  estimate  the  diamond  growth 
rate  closely  predicts  actual  growth  rates  and  that  the  input  values  for  variables  such  as  gas 
flow  rate  and  substrate  temperature  are  physically  achievable.  Presented  in  the  following 
sections  are  the  following  analyses,  all  based  on  the  assumption  of  thermal  management 
quality  diamond: 

•  Cost  vs  Substrate  Diameter  and  Gas  Consumption 

•  Cost  vs  Thermal  Conductivity  and  Gas  Ratio 

•  Cost  vs  Thermal  Conductivity  and  Substrate  Diameter 

For  all  of  these  analyses,  the  ratio  of  substrate  to  duct  area  is  held  constant.  This  constraint 
is  due  to  the  geometry  assumed  for  the  combustion  flame  technology  as  modeled  (i.e.,  a 
single  nozzle  torch).  The  area  of  the  gas  duct  is  the  cross-sectional  area  of  the  flame  before 
it  is  affected  by  the  flow  pattern  around  the  substrate.  For  a  combustion  flame  with  a 
corresponding  duct  area  impinging  on  an  infinite  plane,  there  will  be  a  circular  region  of 
desirable  diamond  and  a  surrounding  region  of  unacceptable  diamond.  Consider  the  similar 
case  of  a  flame  impinging  on  a  substrate  of  the  same  area.  As  a  substrate  diameter 
increases  while  the  duct  diameter  remains  constant,  there  is  a  point  at  which  the  substrate 
extends  into  this  zone  of  unacceptable  diamond.  Dierefore,  there  is  a  maximum 
substrate:duct  area  ratio  that  should  not  be  exceeded.  Experts  in  CVD  diamond  deposition 
suggest  that  this  ratio  is  roughly  3:1  for  single  nozzle  torches.  When  the  substrate  diameter 
is  varied  in  the  following  analyses,  the  duct  diameter  is  adjusted  so  that  the  ratio  of 
substrate  to  duct  area  is  constant 

Cost  vs  Substrate  Diameter  and  Gas  Consumption 

Figine  1  shows  the  combustion  flame  deposition  cost  per  square  centimeter  of  one 
millimeter  thick  polycrystalline  diamond  varying  with  the  diameter  of  the  deposited  wafer. 
In  addition,  because  the  duct  area  and  gas  flow  rate  increase  with  substrate  area.  Figure  1 
shows  the  total  gas  flow  rate  changing  with  the  substrate  diameter.  The  volumetric  gas 
flow  rate  must  change  with  the  duct  diameter,  if  constant  quality  is  to  be  maintained,  due  to 
the  assumptions  in  deposition  theory  that  are  mentioned  in  the  first  quarter  report  of  1994. 
At  about  nine  centimeters  in  diameter,  the  cost  per  square  centimeter  of  combustion  flame 
CVD  diamond  reaches  a  minimum  of  roughly  $60.  The  incorporation  of  the  gas  flow  rate 
plot  illustrates  why  there  exists  an  optimum  substrate  diameter  as  the  duct  area  increases  to 
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Combustion  Rame  Cost  Vs  Substrate  Diameter 
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NOTE:  This  graph  is  the  result  of  current  diamond  deposition 
theory,  whioi  refies  on  numerous  simplifying  assumptions. 


Figure  1 

maintain  the  substrate  to  duct  area  ratio,  the  volumetric  gas  flow  rate  must  also  increase  to 
sustain  the  same  strain  rate  paramet^  (same  quality  dianoond).  Therefore,  the  economy  of 
scaling  the  substrate  diameter  peaks  at  about  nine  centimeters,  above  which  the  required  gas 
flow  increases  the  cost 


Cost  vs  Thermal  Conductivity  and  Gas  Ratio 

The  effect  of  quality,  in  terms  of  thermal  conductivity,  on  CVD  diamond  deposition  cost  at 
different  gas  ratios  can  be  seen  in  Figure  2.  The  reason  for  the  rise  in  cost  with  thermal 
conductivity  relates  to  the  correlation  between  purity  and  thermal  conductivity.  For  this 
simulation,  the  purity  of  diamond  is  assumed  to  depend  on  the  ratio  of  atomic  hydrogen  to 
methyl  radicals  at  the  growth  surface;  this  model  predicts  that  thermal  conductivity  will 
increase  with  this  ratio.  Increasing  the  ratio  of  atomic  hydrogen  to  metiiyl  radicals,  while 
keeping  the  proportion  of  acetylene  to  oxygen  flow  constant,  requires  an  increase  in  the 
flow  rate  of  the  inlet  gases.  As  shown  in  Figure  1,  increasing  flow  rates  leads  to  rising 
costs.  From  Figure  2,  higher  theimal  conductivity  diamond  (1,(XX)  to  1,500  W/mK)  should 
be  grown  at  lower  ratios  of  acetylene  to  oxygen,  dropping  the  cost  by  a  factor  of  four  when 
lowering  this  ratio  from  1.10  to  1.02  at  1,5(X)  W/mK.  Also  shown  in  Figure  2  is  the  cost  of 
thermal  conductivity.  CVD  diamond  grown  to  achieve  1,(X)0  W/mK  thermal  conductivity 
costs  about  an  order  of  magnitude  less  than  diamond  with  1,5(X)  W/mK  thermal 
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Conclusions 


IBIS  Associates  has  improved  its  predictive  spreadsheet  model  of  combustion  flame 
chemical  vapor  deposition  (CVD)  diamond  film  fabrication.  This  report  explains  the 
improvements  on  the  combustion  flame  deposition  theory,  and  shows  preliminary  results  of 
the  economics  of  this  CVD  diamond  process. 

The  changes  to  the  model  include  the  incorporation  of  thermal  conductivity  as  an  input  to 
the  model,  allowing  the  user  to  specify  the  thermal  properties  of  the  diamond  being  formed. 
Also,  the  deposition  theory  in  the  model  has  been  streamlined  with  the  assistance  of 
diamond  deposition  experts.  Numerous  inputs  have  been  eliminated  in  this  process,  making 
the  model  easier  to  use. 

For  this  report  and  the  results  contained  herein,  it  is  assumed  that  the  transport  theory 
model  which  predicts  growth  rates  in  the  CVD  diamond  technical  cost  model  closely 
predicts  actual  growth  rates  for  the  combustion  flame  technology  and  that  the  input  values 
for  variables  such  as  the  gas  flow  rate  and  substrate  diameter  are  physically  achievable. 

To  be  investigated  are  alternative  combustion  flame  deposition  geometries  and  chemistries. 
Expert  review  has  revealed  that  the  deposition  geometry  assumptions  (i.e.  nozzle:substrate 
diameter  ratio)  in  the  IBIS  model  may  not  be  optimal  for  combustion  flame  deposition. 
Suggested  changes  in  deposition  geometries  involve  the  size,  shape,  and  distance  to 
substrate  of  the  combustion  nozzle,  as  well  as  higher  flow  rates  at  smaller  nozzle  sizes. 
Suggested  changes  in  deposition  chemistry  include  using  ethylene  as  the  carbon  fuel  instead 
of  acetylene.  Lastly,  expert  approval  of  the  models  is  continually  in  progress. 
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